The purpose of this study is to understand basic properties of insulating materials for applications to the dc power cable. In this paper, the space charge distribution of a low-density polyethylene (LDPE) containing nano-filler of magnesium oxide (MgO) was observed. In addition, conduction current under the corresponding conditions was measured and correlated with the space charge evolution.
When the average DC field was as low as 80 kV/mm, very few space charge was observed with the "non-filled" film, whereas a positive space charge was observed with "filled" film. The density of the positive space charge was high in the vicinity of the anode. The more distant the position from the anode, the lower the charge density. Figure 1 shows the maximum field at 600 s as a function of average applied field. The electric field was calculated by integrating the space charge density distribution in the direction of the horizontal axis. The maximum field without MgO nano-filler increased rapidly at the average field of about 105 kV/mm. However, the maximum field with MgO nano-filler increased linearly with increasing average field. Figure 2 shows the estimated conduction current density is indicated together with the measured one. The estimated conduction current density was calculated with the local field at the anode estimated by extrapolating the space charge density.
Under the average field of 80 kV/mm, the estimated value almost agreed with the measured one within the ratio of 2.4 (measured value/ estimated value). When the MgO content was 5 phr under the 130 kV/mm, the conduction current estimated from the space charge distribution is not very different from the measured value at 115 kV/mm. This suggests that, at this high content of MgO, the conduction is dominated by the injection at the anode, the injection being determined by the space charge in the vicinity of the anode. When the MgO content was as low as 0 and 1 phr under 130 kV/mm, the gap between the estimated and measured values is larger than that of 5 phr MgO content. In the above cases, in the space charge profile, a negative charge is visible in the vicinity of the cathode. Especially, a large positive space charge was seen in the vicinity of the cathode when the MgO content was 0 phr.
These indicate that the injection was taking place also at the cathode side. Therefore, the net conduction current must be higher than the estimated value. It is considered that the lower content of MgO would result in the more significant injection of the negative charge. 
Member
This paper deals with the effect of magnesium oxide (MgO) nano-filler to stabilize internal electric field under DC voltage application. A low-density polyethylene (LDPE) film containing the MgO nano-filler (nano-composite film) was subjected to space charge measurement by applying DC voltages. The pulsed electroacoustic method was employed for the measurement. In addition, conduction current under the corresponding conditions was measured and correlated with the space charge evolution.
When the average DC field was as low as 80 kV/mm, very little space charge was observed with the "non-filled" film, whereas a positive space charge was observed with "filled" film. The density of the positive space charge in the vicinity of the anode was higher compared to that in the bulk. The more distant the position from the anode, the lower the charge density. The conduction current under the same condition was found to be lower with higher content of the MgO nano-filler. The conduction current determined by the space charge in the vicinity of the anode was calculated for the specimen with each content of MgO nano-filler, and good agreement between the estimated current and the measured one was found. It is concluded that the MgO nano-filler seems to trap the positive space charge in the vicinity of the anode and suppresses conduction current by reducing the local field at the anode.
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Introduction
Polymer insulating materials are widely applied to power apparatuses and cables. Additive agents and fillers are often used for improving insulating and mechanical properties (1) (2) . Recently nano-technology is attracting attention. The research of nano-composite in the field of dielectric and electrical insulation is being encouraged (3) (4) . A nano-composite polymer is composed of nano-filler, of which diameter is as short as a few tens to a few hundreds of nanometers, and a polymer as a matrix. As the sectional area of the interface between the filler and matrix is enormously large compared to that of conventional micro-composite materials, some improvement of insulating performance is expected to be realized by using such materials.
On the other hand, cross-linked polyethylene (XLPE) is often used as the insulating materials of AC power cable. However, when the DC voltage is applied to the XLPE cable, electric strength tends to decrease due to the space charge formation, which is caused by peroxide decomposition products (5) (6) . Therefore, in development of DC power cable, it is important to understand the effect of the space charge. The purpose of this study is to understand basic properties of insulating materials for applications to the DC power cable. In this paper, the space charge distribution of a low-density polyethylene (LDPE) containing nano-filler of magnesium oxide (MgO) was observed. In addition, conduction current under the corresponding conditions was measured and correlated with the space charge evolution.
Specimen and Experimtntal Procedure

Nano-Composite Sample
MgO nano-filler was mixed with LDPE by using a twin screw extruder. Mold pressing made the final film as a sample. The average diameter of MgO nano-filler was about 50 nm. Before kneading, MgO nano-filler was subjected to surface treatment with a silane coupling agent, and to the jet grinding treatment. The master batch with a high concentration of MgO nano-filler was firstly prepared using the twin-screw extruder. The master batch was then diluted to the prescribed concentration of 1 and 5 phr. The unit of "phr" represents "parts per hundred parts of resin". For example 1 phr means that 1 g of MgO nano-filler was mixed into 100 g of LDPE. LDPE without MgO-nano filler, corresponding to 0 phr, was also prepared as a control.
The dispersion state of MgO nano-filler was evaluated with a transmission electron microscope (TEM) and with an energy dispersive X-ray fluorescence analyzer (EDX).
Space Chage Mesurement
The nano-composite film of 0.077 mm～0.124 mm in thickness was employed. The thickness was measured with a micrometer. Gold electrodes of 10 mm in diameter were formed by vacuum evaporation on both sides of the film.
Space charge measurement was performed at 303K, with the pulsed electroacoustic method (7) . Figure 1 shows the schematic diagram of the measurement cell. The space charge under the DC voltage of 8 kV -15 kV was measured for 10 min with the interval of 1 s. The polarity of the voltage was defined as that of the applied voltage to the upper electrode.
Conduction Current Mesurment
The nanocomposite film about 0.076 mm～0.146 mm in thickness was employed. Figure 2 shows the experimental setup for the measurement. A gold electrode of 40 mm in diameter was formed by vacuum evaporation on one side of the film. On the other side, a gold electrode of 26 mm in diameter was formed as the main electrode and a gold electrode of 32 mm in inner diameter and 40 mm in outer diameter was formed as the guard electrode. The conduction current was measured at 303 K. The conduction current at 10 min after the DC voltage application was employed to determine the conductivity. Figure 3 (a) and (b) show TEM photographs of the samples with 1 phr and 5 phr nano-filler. The lamella structure can be seen as white streaks. In addition, a number of dark spots are seen in both figures. Figure 4 shows EDX spectrum at the dark spot in Fig.3 (a) . The peaks of magnesium (Mg) and oxygen (O) are seen. It is suggested that MgO particles of 200 nm or less in diameter are disperses homogeneously in the LDPE matrix. Figure 5 (a) and (b) show the space charge and the electric field profiles in the sample with 0 phr nano-filler. The thin and thick lines represent the space charge profiles at 1 s and 600 s after the voltage application, respectively. Unless otherwise stated, all space charge distributions were stabilized within 600 s. The electric field was calculated by integrating the space charge density distribution in the direction of the horizontal axis. When the average DC field was 83.3 kV/mm, as shown in Fig.5 (a) , little space charge was observed at 1s. The space charge distribution and the electric field distribution at 600 s were almost the same as that at 1 s. Under the average field of 128 kV/mm, as shown in Fig.5 (b) , a massive positive space charge was observed at 600 s. It was observed from the space charge profile that the massive positive space charge was injected from the anode with increasing time under the DC voltage. The electric field in the vicinity of the cathode was enhanced due to this positive charge.
Experimtntal Result and Disccusion
Nano-Composite Sample
Space Chage Mesurement
The maximum field in the film was 181 kV/mm. . EDX spectrum at a darker point in Fig.3 anode was higher compared to that in the bulk. The electric field in the vicinity of the cathode was enhanced due to this positive charge. The maximum field was 97.3 kV/mm. Under 124 kV/mm, as shown in Fig.5 (d) , the homogeneous space charge was observed near the electrodes at 600 s. The space charge profile, in which positive space charge is formed in the vicinity of the anode, looks similar to that under 82.6 kV/mm, which is shown in Fig. 5(c) . The maximum field and the corresponding position were 138 kV/mm and 0.031 mm from the cathode, respectively. Figure 5 (e) and (f) show the space charge and the electric field profiles in the sample with 5 phr nano-filler. Under the 86.0 kV/mm, as shown in Fig.5 (e) , the positive space charge was observed in the vicinity of the anode at 600 s. The density of the positive space charge in the vicinity of the anode was also higher compared to that in the bulk.
The maximum field and corresponding position were 94.2 kV/mm and 0.051 mm from the cathode, respectively. Under 129 kV/mm, as shown in Fig.5 (f) , the homogeneous space charge was observed near the electrodes at 600 s. The space charge profile, in which positive space charge is formed in the vicinity of the anode, looks similar to that under 86.0 kV/mm, which is shown in Fig. 5(e) . The maximum field and corresponding position were 138 kV/mm and 0.040 mm from the cathode, respectively.
Thus the applied field and presence of MgO nano-filler influenced the space charge formation and the local field. Figure 6 shows the maximum field at 600 s as a function of average applied field. The maximum field in the sample without MgO nano-filler increased rapidly at the average field of about 105 kV/mm. However, the maximum field in the sample with MgO nano-filler increased linearly with increasing average field. Figure 7 shows the relationship between field enhancement ratio and MgO nano-filler content. The field enhancement ratio was calculated by dividing the maximum field by the average field. The maximum fields under the average field of 80 kV/mm and 120 kV/mm were evaluated by interpolating the plots in Fig. 6 . When average field was 120 kV/mm, the field enhancement ratio decreased rapidly with the increase of the MgO nano-filler content. The decrease of the field enhancement from 0 phr sample to 1 phr is bigger than that from 1 phr to 5 phr. On the other hand, the field enhancement under the average field of 80 kV/mm seems to increase once at MgO nano-filler content of 1 phr and then decreases at MgO nano-filler content of 5 phr. However, these changes were not so big compared to that under the average field of 120 kV/mm. It is suggested that only a few amount of the nano-filler leads to a considerable prevention of field enhancement when the average field is higher than 105 kV/mm. Figure 8 shows the conduction current density at 10 min after the voltage application as a function of the average field. The conduction current density was calculated by dividing the conduction current by the sectional area of the main electrode. The conduction current density of the specimen with the each MgO nano-filler content increase exponentially with increasing average field. The conduction current density also decreased with increase of MgO nano-filler content.
Conduction Current Mesurment
Conparation of the Space Chrge Measurement and the Conduction Current
When the average field is as low as 80 kV/mm, almost no space charge was found with 0 phr sample, and positive space charge in the vicinity of the anode became more intense with the increase in MgO content. Correspondingly the conduction current decreased with the increase in MgO content. These phenomena can be explained as follows:
We assume that the conduction mechanism of the film is determined by Schottky injection (8) as expressed by (1) where J, J 0 , E, k, T, e and ε are the conduction current density, a constant, the applied electric field, Boltzmann's constant, the absolute temperature, elementary charge and the permittivity, respectively. As little space charge was observed with 0 phr sample, the local field across the film must be nearly equal to 80 kV/mm. Substituting E=80 kV/mm andε r =2.4 into Eq. (1), the constant J 0 can be calculated as to be 7.18×10 -11 A/m 2 . A positive space charge was observed in the vicinity of the anode, with the samples of 1 and 5 phr MgO contents under the same average field. As the space charge measurement was performed with a finite spatial resolution, the strong signal at the anode is composed of the induced charge on the electrode and the internal space charge. Therefore it is not possible to calculate the field at the anode by directly integrating the space charge profile. In order to estimate local field at the anode, we assumed that the internal space charge density could be extrapolated as first approximate. where q, a, b and x are the internal space charge density, a constant, a constant and the position in the film, respectively. The a and b were evaluated by the fitting of the charge intensity curve in the part being distant from the electrode. Figure 9 shows how the fitting was carried out. A (x 1 , q 1 ) and B (x 2 , q 2 ) are two arbitrary points used for the fitting and the dotted curve is the fitting curve by Eq. (2). The estimated electric field distribution was calculated by integrating the fitting curve of the space charge along the distance. In this particular case (80 kV/mm in average field and 1 phr in MgO content), local field at the anode is estimated as 35.8 kV/mm. The conduction current density with 1 phr sample under the average field of 80 kV/mm was estimated as J=1.97×10 -8 A/m 2 , using local field at the anode E=35.8 kV/mm, J 0 = 7.18×10 -11 A/m 2 and Eq.(2). In Fig. 10 , the estimated conduction current density is indicated together with the measured one. Under the average field of 80 kV/mm, the estimated value almost agreed with the measured one within the ratio of 2.4 (measured value/ estimated value). It is considered that, when the average field is as low as 80 kV/mm, The conduction current at 130 kV/mm in average field was also estimated, in the same manner as shown in Fig. 9 , from the space charge distribution at 600 s. When the MgO content was 5 phr, the conduction current estimated from the space charge distribution was 5.50×10 -8 A/mm 2 , being not very different from the measured one at 115 kV/mm. This suggests that, at this high content of MgO, the conduction is dominated by the injection at the anode being determined by the space charge in the vicinity of the anode. When the MgO content was as low as 1 phr, the estimated conduction current was 2.82×10 -8 A/mm 2 . The gap between the estimated and measured values is larger than that of 5 phr MgO content. In the above cases, in the space charge profile, a negative charge is visible in the vicinity of the cathode. This indicates that the injection was taking place also at the cathode side. Therefore, the net conduction current must be higher than the estimated value. It is considered that the lower content of MgO would result in the more significant injection of the negative charge.
Finally, in the case of 0 phr, a large positive space charge was seen in the vicinity of the cathode.
This space charge subsequently weakens the field intensity at the anode, leading to a significant reduction in the estimated conduction current. As the result, the estimated conduction current was as low as 2.31×10 -7 A/mm 2 , however, the measured value at 100 kV/mm was much larger. In this case, the field intensity at cathode was enhanced up to as high as 181 kV/mm. This would lead to a significant large amount of negative charge injection at the cathode, as well as dissociation of carriers in the film where the field intensity was high.
Conclution
To invesigate the effect of MgO nano-filler under DC voltage application, LDPE/MgO nano-composite film was subjected to space charge measurement by applying DC voltages. In addition, conduction current under the corresponding conditions was measured and correlated with the space charge evolution. The main results are as follows.
(１) The film without MgO nano-filler show a threshold field at which the maximum field increase rapidly while the film with MgO nano-filler does not.
(２) The conduction current density decreased with the increase of MgO nano-filler content.
(３) The local field at the anode in the film with MgO nano-filler was estimated from the space charge density distribution. And the conduction current density was calculated using the local field at the anode. 
